Telomerase is a ribonucleoprotein complex consisting of a protein reverse transcriptase (TERT) and an RNA subunit (TR). Telomerase normally adds telomeric DNA repeats to chromosome ends. Here, we engineer human and Tetrahymena cis-telomerase RNAs, each having a DNA primer covalently linked to its 3′ end. We find that cis-telomerase synthesizes DNA with increased repeat addition processivity (RAP) but does not completely rescue the RAP defect of the L14A mutant of Tetrahymena TERT. This supports the conclusion that L14 has a function beyond binding the DNA primer and preventing dissociation during multiple rounds of repeat addition. By comparing cis-telomerases with various linker lengths, we find that a 5 nt linker gives near-optimal activity, indicating that the distance between the 3′ end of the telomerase RNA pseudoknot region and the 5′ end of the DNA primer is ∼33 Å. Even a 2 nt linker (∼14 Å) gives some activity, indicating a high degree of conformational flexibility in this ribonucleoprotein complex. More generally, the cis system will allow structure-function relationships of each RNA molecule to be read directly through the reaction that it performs on itself.
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ribonucleoprotein complex | processivity | reverse transcriptase | telomerase N atural RNAs involved in biocatalysis act either "in cis" (intramolecular reactions) or "in trans" (intermolecular reactions). Cis-acting RNAs are exemplified by the self-splicing group I and group II introns and the self-cleaving hammerhead and hairpin ribozymes (1, 2) . Trans-acting RNAs include: the ribosomal RNAs that use aminoacylated tRNAs as substrates (3), the spliceosomal small nuclear RNAs that use pre-mRNAs as substrates (4) , and the RNase P ribozyme that uses tRNA precursors containing 5′-leader sequences as substrates (5) . In a number of cases, cis-acting ribozymes have been converted into trans-acting RNA enzymes that splice or cleave exogenous RNA substrates. The incentive for engineering these trans-acting ribozymes was initially to demonstrate that they were true catalysts, capable of multiple-turnover reactions. A subsequent rationale was to create RNA-cleaving agents for biotechnology. Transformation in the other direction, from trans-acting to cis-acting RNAs, has been accomplished for RNase P. By engineering a chimeric RNA that joins the RNase P RNA to its pre-tRNA substrate, pre-tRNA-RNase P RNA conjugates were designed to undergo accurate and efficient self-cleavage (6, 7) . In the present work, we describe the conversion of the telomerase RNA-TERT complex, which normally acts in trans to extend telomeric DNA primers, into a cis-acting system that extends its own 3′ end. Thus, a trans-acting RNA can be converted into a cis-acting RNA even in the context of a complex ribonucleoprotein (RNP).
The telomerase RNP uses its reverse transcriptase subunit (TERT) to copy a template sequence within its intrinsic RNA subunit (TR), thereby adding telomeric DNA repeats to the ends of chromosomes (8, 9) . Although TERT has clear sequence conservation among divergent organisms, the RNA subunit shows little primary sequence conservation even between closely related species. More surprisingly, the length of telomerase RNA varies widely among eukaryotes; it ranges from 150-200 nt for ciliates (10, 11) and 300-500 nt for vertebrates (12) to more than 1 kb for budding and fission yeasts (13) (14) (15) .
Despite the apparent lack of sequence conservation among species, recent studies revealed several conserved secondary structure elements in telomerase RNAs (16) (17) (18) (19) (20) . In addition to providing a template for the reverse transcriptase domain of TERT, telomerase RNA contains non-template regions that also play important roles in telomerase catalysis, such as binding TERT to form the RNP (21), contributing to telomerase repeat-addition processivity (RAP) (22) , and orienting the DNA substrate to the active site of the enzyme (20) . Thus, telomerase RNA is an essential component of the telomerase RNP enzyme, actively participating in many aspects of catalysis (23) . Consistent with this proposal is the fact that multiple mutations in the nontemplate region of human TR have been found in patients with autosomal dominant dyskeratosis congenita, a progressive syndrome characterized by abnormal skin manifestations, nail dystrophy, and bone marrow failure. Some of these TR mutations have been shown to severely impair telomerase activity and result in shorter telomeres (24) (25) (26) .
RAP is a unique feature of telomerase; after one round of nucleotide addition, the same primer can translocate, realign to the RNA template, and undergo another round of nucleotide addition. A recent study of the Telomerase Essential N-terminal (TEN) domain of the Tetrahymena telomerase protein catalytic subunit showed that Leu14 in this domain is essential for RAP, as substitution of L14 with various other amino acids, even with isoleucine, largely eliminated primer extension products corresponding to the addition of multiple repeats (27) . A simple explanation for the loss of RAP in L14 mutants might have been that L14 is important in mediating telomerase-DNA primer interaction; a weakened interaction could cause rapid dissociation of the product after one round of nucleotide addition, thereby impairing primer translocation. However, DNA photo-crosslinking and primer challenge experiments suggested that the L14A mutant retains the primer anchor site and recycles primers at a rate similar to WT telomerase (27) .
In this work, we construct a cis-telomerase by linking the 3′-end of the telomerase RNA pseudoknot region to the 5′ end of the DNA primer. This allows an independent test of whether L14 in the TEN domain of TERT functions to bind to the DNA primer and, therefore, help primer translocation in RAP. In addition, the linker that joins the RNA with the DNA primer in cis-telomerase can be used as an indicator of an important distance constraint within the active RNP enzyme-the distance between the pseudoknot domain and the template region. More generally, cis-telomerase should facilitate future structure-func- Freely available online through the PNAS open access option. 1 To whom correspondence should be addressed. E-mail: thomas.cech@colorado.edu. tion analysis of telomerase RNAs, because the structure-function relationships of the RNA component of the RNP enzyme can be read directly through the reaction that it catalyzes on itself.
Results
Construction of Human Cis-Telomerase. We transcribed the pseudoknot domain (hTR44-184) with T7 RNA polymerase and then used splinted ligation (28) to join 5′ mono-phosphorylated DNA primers with telomeric sequence to the RNA 3′ end (Fig. 1A and Fig. S1 ). Cis-telomerase RNAs with DNA linkers of two different lengths, 17 and 13 nt, were initially constructed. The resulting hTR44-184/telomeric DNA primer conjugates were refolded, mixed with the CR4-CR5 RNA domain (the other RNA domain required for telomerase activity in addition to the pseudoknot domain; refs. 12 and 29), and assembled with HA-tagged hTERT translated in rabbit reticulocyte lysates (RRLs). The assembled cis-telomerase RNP complex was then immuno-purified from the RRL and the telomerase reaction was initiated by adding dNTPs to the reaction buffer. Both cis-telomerases were active (Fig. 1B) .
One hallmark of the human telomerase reaction is that telomerase can copy the same small stretch of its internal RNA template multiple times on the same DNA primer; therefore, a ladder with a 6 nt interval is observed in a sequencing gel.
Interestingly, in the cis-telomerase reaction, we found that multiple copies of the telomeric DNA were also added to the same DNA primer when dATP, dTTP, and dGTP were provided to allow the telomerase to finish a full round of nucleotide addition (Fig. 1C Left) , even though in this case the DNA primer was covalently linked to the telomerase RNA. When only dGTP was provided, a single product was observed (Fig. 1C Right) , consistent with the expectation that extension would stop after addition of a single dG (note the template-primer alignment in Fig. 1A ).
Time course experiments of cis-telomerase reactions showed that the first round of nucleotide addition reached its maximum after 15 min; however, adding additional repeats took longer, reaching a maximum at around 1 h (Fig. 1C) . We then tested whether mutations that impair native telomerase catalysis also affect the cis-telomerase. A triple-helix structure in the telomerase RNA has been shown to be important for catalysis (18, 20) . For human and yeast telomerases, substitutions of As in the triple-helix with Us completely abolish the hydrogen-bonding network, therefore disrupting the structure and greatly decreasing telomerase activity (18, 20) . When we introduced these triplehelix disrupting mutations (174AAA176 → UUU) into three versions of cis-telomerase with 13 nt, 17 nt, and 20 nt linker lengths, we found that they lost more than 95% of their activity (Fig. 1D ). This experiment further assures that linking the DNA primer to the end of the telomerase RNA pseudoknot domain doesn't affect the way that telomerase carries out its catalysis.
Intramolecular Versus Intermolecular Primer Elongation. If the cistelomerase is really carrying out an intramolecular reaction, the RNA that is directly linked to the DNA primer must also be the template provider for reverse transcription. Alternatively, the same profile of reaction products might be generated if the covalently linked DNA primer of one telomerase RNA were to flip from its own RNA to base pair with another telomerase RNA, thereby forming an intermolecular telomerase RNA-DNA primer complex ( Fig. 2A) . To test whether such DNA primer flipping occurs, we carried out two sets of experiments.
First, we titrated the cis-telomerase reactions with various amounts of DNA primers as trans substrates with the final concentration of the trans DNA primer ranging from 0.256 nM to 2 × 10 4 nM. Because the concentration of the cis-telomerase is about 2 nM, an intermolecular reaction would be competed by relatively low concentrations of the trans primer. As shown in Fig. 2B , there is no competition up to 160 nM trans primer; even with the trans primer concentration as high as 2 × 10 4 nM, 10,000 times higher that the cis-telomerase concentration, at least half of the telomerase reaction still takes place in cis with the conjugated primer. Thus, cis-telomerase normally self-elongates, but the partial suppression of cis-activity and of RAP at very high transprimer concentrations suggests that the tethered primer is in a bound-unbound equilibrium and can be competed by very high concentrations of exogenous primer, especially when the linker is becoming longer due to the telomerase elongation.
In an independent test of the intramolecularity of the reaction, we mixed a cis-telomerase bearing a triple-helix disrupting mutation in the pseudoknot region-a dead enzyme by itself-with wild-type cis-telomerases containing linkers of different length. If the above-mentioned intermolecular DNA primer/telomerase RNA interaction were responsible for the activity, then cistelomerase with a triple-helix disrupting mutation would also be elongated. Different linker lengths allowed us to distinguish the two cis-telomerase products (wild type versus mutant) after telomerase reactions. As shown in Fig. 2C , the primers conjugated to the wild-type telomerase RNA were elongated, but not the ones attached to the triple-helix disrupting mutants. Therefore, we conclude that intermolecular exchange of conjugated DNA primers between telomerase RNAs is inconsequential, and each cis-telomerase is adding telomeric repeats to itself. Table S1 ; 13 nt #2 used here.) In both versions, human telomeric sequence GTTAGG is at the very 3′ end of the DNA/ RNA chimera. Lanes 2 and 4, dATP, dTTP, and dGTP were added to provide all the deoxynucleotide substrates needed for the synthesis of the human telomeric sequence. Each band represents one round of telomeric DNA addition with a spacing of 6 nt between the bands. Lanes 3 and 5, dGTP was the only nucleotide added. Marker, mixture of four cis-telomerase RNAs of the lengths indicated, each 3′-end labeled. (C) Time course of cis-telomerase reactions with either dG, dA, and dT provided or only dG provided. (D) Assays of cis-telomerases with a telomerase RNA triple-helix disrupting mutation. In the AAA → UUU mutants, nucleotides 174-AAA-176 in the human telomerase RNA were mutated to UUU.
Effect of Linker Length. One variable that we optimized during the cis-telomerase design was the length of the linker that joins the 3′ end of the pseudoknot domain of the telomerase RNA to the 5′ end of the DNA primer. If the linker were too short, the DNA primer might not be able to align to the RNA template region due to the length restraint; if the linker were too long, the extra single-stranded nucleic acid might base pair with a portion of the telomerase RNA and interfere with the telomerase reaction. We, therefore, engineered a range of linker lengths into the cistelomerase system, from 2 nt to 26 nt with their linker sequences shown in Table S1 . Surprisingly, even 2 nt and 4 nt linkers gave telomerase activity (Fig. 3A) , and the activity was truly from cis elongation as shown by a trans primer challenge experiment (Fig. S2 ). There was a substantial increase in activity between 4 and 5 nt, after which activity showed only a weak dependence on linker length (Fig. 3A) . Activity of telomerase RNAs with 22 nt, 23 nt, and 26 nt linkers (not shown) was similar to that of the 17 nt linker telomerase. In the case of the 13 nt linker, linker sequences containing A4 and T4 gave similar activity (Table S1 ).
These observations suggest that 5 nt are sufficient to span the distance from the 3′ end of the telomerase RNA pseudoknot region to the 5′ end of the DNA primer in the active telomerase in its ground state (i.e., without distortion). These five nucleotides consist of two ribonucleotides and three deoxyribonucleotides. Taking 5.9 Å as the distance spanned by a ribonucleotide and 7.0 Å by a deoxyribonucleotide (30), this 5 nt linker is about 33 Å long. This length is somewhat shorter than that predicted from a previous computational model of the core region of the human telomerase RNA (44 Å in the model, shown in Fig. S3 ), based on distances measured by FRET (31).
Can Cis-Telomerase Rescue the RAP Defect in the Tetrahymena L14A Mutant? Leu14 in the TEN domain of Tetrahymena TERT has been shown to be essential for RAP (27) (Fig. 4A) . The importance of Leu14 in RAP might have been that it mediated the interaction between the telomerase TEN domain and the DNA primer and held onto the primer during the telomerase reaction cycle. Weakened interaction in the mutant would then allow rapid dissociation of the product after one round of nucleotide addition, thereby impairing primer translocation. If this proposal were true, we would expect cis-telomerase to rescue the loss of RAP in the Leu14 mutant background because the primer is permanently linked to the telomerase. In the cis-telomerase system, the L14A mutant produced more discernible higher molecular weight bands corresponding to multiple rounds of telomeric DNA addition than the native L14A telomerase with the primer provided in trans (Fig. 4B) . Quantification showed that cis-telomerase pro- produced bands with distinct mobility. Right, when wild type and inactive mutant telomerase RNAs were mixed, only the primers conjugated to the wild-type telomerase RNAs were elongated. Thus, there is no intermolecular exchange of conjugated DNA primers between telomerase RNAs. The 3A mutation is the triple-helix disrupting mutation (174AAA176 → UUU) used in Fig. 1D . The "1st Round" of telomerase extension was assigned by comparison with þ1 markers made by elongation of cis-telomerase RNA by a reverse transcriptase in the presence of only dGTP. Bands below those marked 1st Round are due to an uncharacterized nuclease activity either intrinsic to telomerase or co-purified from the in vitro translation system. vided a 3-fold increase in RAP for the L14A mutant (Fig. 4C) . However, RAP of the wild-type telomerase also increased about 3-fold in the cis-telomerase system (Fig. 4C) . Therefore, we conclude that RAP defect in L14A mutant could not be rescued by attaching the DNA primer to the telomerase. This experiment suggests that the role of L14 is not simply to bind to the substrate and help it realign to the template that agrees with the results of previous photo-crosslinking and "primer challenge" experiments (27) . The L14A mutation in the human TERTabolished most activity in the cis-telomerase system (Fig. 4D) , just as it does in the native telomerase (27) . Furthermore, when we deleted the whole TEN domains of Tetrahymena and human TERTs, neither of them was active in the cis-telomerase system (Fig. 4B and D) . These results suggest that in addition to binding to the DNA primer, the TEN domain of TERT may have some other important functional roles in telomerase nucleotide addition and repeat addition, such as interacting with other domains of TERT or the telomerase RNA.
Discussion
In this paper, we have described the design and characterization of a cis-telomerase RNA that, when reconstituted with TERT, can add telomeric repeats to itself. While conversion of a ribozyme from transacting to cis-acting had been achieved before with RNase P, to our knowledge this is a unique case for an RNP enzyme. We utilized the cis system to examine some structural and mechanistic aspects of the telomerase RNP enzyme.
Tethering the DNA primer to the telomerase RNA with nucleic acid linkers of various lengths produces cis-telomerases that can elongate the conjugated DNA primers. When the linker length is 5 nt or longer, cis-telomerase has reached its full activity. This fact implies that the critical length between the 3′ end of the telomerase RNA pseudoknot region and the alignment region of the RNA template is no greater than 33 Å in the active telomerase. This result suggests close proximity of the pseudoknot domain to the RNA template region, consistent with the previous chemical photo-crosslinking data (20) . Furthermore, we find that cis-telomerase with even a 2 nt-long linker is partially active, implying that the RNP structure is flexible enough to assume an active structure even when portions of the RNA are unnaturally constrained. The Tetrahymena ribozyme (a 310 nt catalytic RNA molecule) undergoes long-range conformational dynamics of up to 50 Å, and its catalytic activity persists when sites separated by 50 Å in the ground-state structure are joined by a covalent crosslink (32) . Like this pure-RNA enzyme, the telomerase RNP appears to have a great deal of conformational flexibility.
Because the DNA primer in the context of the cis-telomerase is attached to the telomerase by a flexible linker, the entropic cost of realigning the primer to the template after one round of DNA synthesis is expected to be reduced. We indeed observed increased RAP in the cis-telomerase. The fact that the RAP defect of the Tetrahymena L14A mutant TERT could not be rescued in the cis-telomerase supports the previous conclusion (27) that the major role of L14 in the TEN domain is not to mediate the telomerase-DNA primer interaction, but rather to facilitate primer-template translocation and realignment.
By covalently linking the DNA primer to the RNA subunit of telomerase, active RNP enzymes can be directly selected through the reaction that they catalyze on themselves. Therefore, the cis-telomerase provides a method to separate functional and nonfunctional pools of telomerase RNAs, and perhaps of bound TERT proteins as well. This ability will be particularly useful for applying a high-throughput chemical genetics method-Nucleotide Analog Interference Mapping (NAIM) (33)-to identify chemical groups in the telomerase RNA that are important for telomerase activity. In addition, cis-telomerase also provides a platform to select for active RNA molecules in a library of random mutants, or to select for second-site revertants of deleterious mutations.
Materials and Methods
In Vitro Transcription of Telomerase RNA. Telomerase RNA fragments were prepared by run-off transcription in vitro with bacteriophage T7 RNA polymerase. Transcription reactions (1 mL) contained 0.05 mg DNA template produced from PCR, 1 X T7 transcription buffer (50 mM Tris-HCl pH 8.0, 10 mM spermidine, 25 mM DTT, 0.1% Triton X-100, 25 mM MgCl 2 ), 4 mM each NTP, and 0.1 mg T7 RNA polymerase. The reaction was incubated at 37°C for 2 h. In vitro transcribed RNAs were gel-purified and eluted into TE buffer (25 mM Tris-HCl pH 8.0 and 1 mM EDTA).
Construction of Cis-Telomerase RNAs. For human cis-telomerase RNA, in vitro transcribed telomerase RNA pseudoknot domain (either acceptor RNA A or B shown in Fig. S1B and C, resp.), 5-′monophosphorylated DNA primer (Table S1) , and a DNA splint oligo (Table S1 ) were mixed at 1∶3∶2.5 molar ratio. The mixture was annealed (80°C for 4 min followed by 25°C for 5 min) in the presence of 50 mM NaCl and 10 mM Tris-HCl pH 8.0. Ligation was initiated by the addition of 1 U∕mL T4 RNA ligase 2 (from New England Biolabs) in the presence of the ligation buffer (35 mM NaCl, 50 mM Tris-HCl at pH 7.0, 2 mM MgCl 2 , 1 mM DTT, 0.5 mM ATP) (34) . Reactions were complete in and the cis-telomerase, in either wild type or L14A TERT background. RAP is calculated from the slope of the line. Processivity ¼ R 1∕2 ¼ ln 2∕ð2.303kÞ, where k is the slope and R 1∕2 is the number of repeats synthesized before half of the primers have dissociated, in analogy to t 1∕2 in radioactive decay. (D) Telomerase assays of human cis-telomerase RNA with wild-type TERT, the TERT TEN domain deletion mutant (human TERT aa197-1132), and the TERT L14A mutant. 1 h at 25°C. The yield of the splinted ligation was around 70-80%. Ligation product was then gel purified, eluted in TE buffer, and concentrated by Centricon (Millipore). Depending on the linker length of the cis-telomerase RNA, either acceptor RNA A or B was used in the splint ligation, as indicated in Table S1 . In the case of Tetrahymena cis-telomerase RNA, additional ribonucleotides (CCUUGC) were added to the 3′ end of the full-length telomerase RNA to facilitate annealing/splinted ligation; 5′-monophosphorylated CTCTCCTTCTC-TTGGG was ligated to the RNA.
In Vitro Telomerase Activity Assay. The human and Tetrahymena telomerase activity assays followed the direct assay protocols of Chen and Greider (35) and Zaug et al. (27) , resp. Briefly, epitope-tagged human and Tetrahymena TERT proteins were expressed from phTERT-HA2 and pET28a-T7-tTERT by using the TNT quick-coupled transcription/translation system (Promega). Each 50 μL reaction contained 40 μL TNT-master mix, 2 μL PCR enhancer, 1 μL 1 mM methionine, 7 μL water, and 0.5 μg plasmid DNA. After incubation at 30°C for 2 h, 0.5 μg of cis-telomerase RNA (and CR4-CR5 domain for human telomerase assays) was added and incubated at 30°C for 0.5 h. Lysate was diluted 2-fold with immunoprecipitation (IP) buffer (10 mM HEPES pH 7.5, 100 mM potassium glutamate, 1 mM MgCl 2 , 1 mM DTT and 10% glycerol). Assembled telomerase complexes were affinity-purified by using the C-terminal HA tag of recombinant human TERT protein with anti-HA agarose beads (Santa Cruz Biotechnology) or using the N-terminal T7 tag of recombinant Tetrahymena TERT with anti-T7 · Tag agarose beads (Novagen). Each lysate was diluted to 100 μL with IP buffer and 15 μL of anti-HA agarose beads was added for immunoprecipitation at 4°C for 3-4 h or overnight. Beads were washed with IP buffer three times and then resuspended in 1X telomerase assay buffer. The reaction mixture (20 μL each) contained 1X telomerase assay buffer (50 mM Tris-HCl pH 8.0, 50 mM KCl, 1 mM MgCl 2 , 5 mM β-mercaptoethanol and 1 mM spermidine), 5 mM dATP, 5 mM dTTP, 0.05 mM dGTP and 0.03 mM [α-32 P]dGTP (3000 Ci∕mmol) with 6 μL immuno-purified telomerase complex. The reaction was incubated at 30°C for 30 min and the products were precipitated with the addition of 100 μL 3.6 M NH 4 OAc, 1 mg glycogen and 450 μL ethanol. The reaction mixture was incubated at −80°C for 1 h followed by centrifugation at 4°C for 30 min; the pellet was then washed with 75% cold ethanol and resuspended in 16 μL 1X RNA loading buffer (40% formamide, 10 mM Tris-HCl pH 8.0, 10 mM EDTA, 0.05% xylene cyanol). The denatured samples were loaded onto a 10% polyacrylamide/TBE/7 M urea denaturing gel for electrophoresis. After electrophoresis, the gel was dried and exposed to a phosphorimager screen (Amersham Biosciences). Telomerase processivity was quantitated as described previously (36) . In brief, the intensity of each major repeat band was measured, and normalized to the number of 32 P-labeled nucleotides incorporated. The log of the normalized intensities was then plotted versus the repeat number.
